APAP hepatotoxicity were selected using in silico prediction algorithms, un-biased gene ontology, and network analyses. Luciferase reporter assays, RNA electrophoresis mobility shift assays, and miRNA pull-down assays were performed to investigate the role of miRNAs affecting the expression of dysregulated genes. Levels of selected miRNAs were measured in serum samples obtained from children with APAP overdose (58.6-559.4 mg/kg) and from healthy controls. As results, 2758 differentially expressed genes and 47 miRNAs were identified. Four of these miRNAs (hsa-miR-224-5p, hsa-miR-320a, hsa-miR-449a, and hsa-miR-877-5p) suppressed drug metabolizing enzyme (DME) levels involved in APAP-induced liver injury by downregulating HNF1A, HNF4A and NR1I2 expression. Exogenous transfection of these miRNAs into HepaRG cells effectively rescued them from APAP toxicity, as indicated by decreased alanine aminotransferase levels. Importantly, hsa-miR-320a and hsa-miR-877-5p levels were significantly elevated in serum samples obtained from children with APAP overdose compared to health controls. Collectively, these data indicate Abstract Acetaminophen (APAP) overdose is the leading cause of acute liver failure. Yet the mechanisms underlying adaptive tolerance toward APAP-induced liver injury are not fully understood. To better understand molecular mechanisms contributing to adaptive tolerance to APAP is an underpinning foundation for APAP-related precision medicine. In the current study, the mRNA and microRNA (miRNA) expression profiles derived from next generation sequencing data for APAP-treated (5 and 10 mM) HepaRG cells and controls were analyzed systematically. Putative miRNAs targeting key dysregulated genes involved in Dianke Yu and Leihong Wu contributed equally to this work.
Introduction
Acetaminophen (APAP) is a widely used over-the-counter analgesic drug and over-dose of APAP can cause APAPinduced hepatotoxicity (Davidson and Eastham 1966) . The majority of APAP is metabolized in the liver through glucuronidation and sulfation, specifically through UDP-glucuronosyltransferases and sulfotransferases. A small portion of APAP is activated by cytochrome P450 enzymes to produce the reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI) that binds to proteins and is regarded as a critical step in the development of hepatotoxicity. Glutathione (GSH) conjugation by GSTT1, GSTP1, and GSTM1 efficiently detoxifies NAPQI, but is depleted by exposures to large doses of APAP, resulting in increased covalent binding of NAPQI to proteins (Zhao and Pickering 2011) . Despite this existing body of knowledge, few studies have examined molecular mechanisms underlying inter-individual variability and the adaptive tolerance effect in APAPinduced hepatotoxicity (Adjei et al. 2008; Court et al. 2001; Jetten et al. 2016; McKillop et al. 1999; Strubelt et al. 1979) .
Recent studies have shown that miRNAs influence the expression of drug metabolizing enzymes (DMEs) (Jin et al. 2016; Mohri et al. 2010; Tsuchiya et al. 2006; Wang et al. 2017; Yu et al. 2010 Yu et al. , 2015a Zeng et al. 2017) , which may thereby influence drug efficacy and safety (Koturbash et al. 2015) . miRNAs have been linked to liver injury and represent candidate biomarkers of liver injury because they are sufficiently stable in a wide range of biofluids, including serum (Baraniskin et al. 2012; Chen et al. 2008) . Several studies have attempted to address the relationship of miRNAs and APAP-induced hepatotoxicity (Krauskopf et al. 2015; Vliegenthart et al. 2015; Wang et al. 2009; Ward et al. 2014; Yang et al. 2015) . However, the fine regulatory mechanisms of these miRNAs in relation to APAP-induced hepatotoxicity are still unclear.
Adaptive tolerance, or resistance to APAP toxicity that occurs following "pre-exposure" to APAP, is believed to occur in humans and experimental animals exposed to APAP over a long time period (Eakins et al. 2015; O'Brien et al. 2000; Shayiq et al. 1999) . The molecular mechanisms underlying adaptive tolerance are not well understood. In the present study, we hypothesized that miRNAs modulate APAP metabolism/toxicity by targeting genes encoding DMEs and nuclear receptors (NRs), which then in turn mediate adaptation/adaptive tolerance towards APAP exposure. To test our hypothesis, we screened candidate miRNAs by highthroughput sequencing and in silico analyses and then validated the interactions between miRNAs and genes encoding DMEs and NRs by a series of functional experiments. Our study delineated miRNA-mediated mechanisms related to adaptive tolerance in APAP-induced hepatotoxicity.
Methods

Study population
Clinical samples were obtained from 28 children and subjects participating in a prospective clinical study approved by the institutional review board of the University of Arkansas for Medical Sciences. The control group (n = 10; APAP dose = 0 mg/kg) consisted of healthy children without use of APAP in the preceding 14 days; APAP therapeutic group (n = 10; APAP dose = 10.0-17.5 mg/kg) consisted of hospitalized children receiving APAP per standard of care; and APAP overdose group (n = 8; APAP dose = 58.6-559.4 mg/ kg) consisted of children requiring hospitalization for treatment of APAP overdose. The clinical and laboratory data of the subjects, including age, gender, APAP dose, ALT and APAP protein adducts, were reported in our former study (Yang et al. 2015) .
Cell culture, transfection and treatment
Terminally differentiated HepaRG cells were purchased from Life Technologies (Carlsbad, CA), incubated in Williams' E medium supplemented with Thaw, Plate, and General Purpose Medium Supplement (Life Technologies) for 1 day, and then cultured in Williams' E medium supplemented with the Maintenance/Metabolism Medium Supplement (Life Technologies) for an additional 7 days until use. Both HepG2 and HEK 293T cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA), and maintained in Rosewell Park Memorial Institute 1640 (RPMI 1640) or Dulbecco's Modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS), respectively. All cell lines used in this study were at passage numbers less than 10 when the experiments were performed.
APAP was purchased from Sigma-Aldrich (St. Quentin Fallavier, France), and dissolved in DMSO to produce 3.3 mol/L stock solutions, and then added to the cell culture at the final concentration of 5 and 10 mM, respectively. HepaRG cells treated with equal amount of 0.3% DMSO were used as solvent control. Cells were harvested to extract total RNA or proteins for further experiments 48 h after APAP treatment. Assays were performed in triplicate.
The siRNAs to silence HNF1A, HNF4A and NR1I2 genes, and the mimics or inhibitors for hsa-miR-224-5p, hsa-miR-320a, hsa-miR-449a, hsa-miR-877-5p, and negative control were obtained from GE Dharmacon (Lafayette, CO). HepaRG cells were transiently transfected with siRNA or miRNA mimic/inhibitor (all final concentration: 40 nmol/L) using Lipofectamine reagent, and cultured for 48 h to extract total RNA or proteins for further experiments.
RNA extraction from cells, medium and serum
The miRNeasy Mini Kit (Qiagen, Valencia, CA) was used to extract total RNA from HepaRG cells, according to the manufacturer's protocol. The miRNeasy Serum/Plasma Kit (Qiagen) was used to purify total miRNAs in cell medium, with the C. elegans miR-39 (cel-miR-39) as the Spike-in control, according to the manufacturer's protocol. Total RNA in serum was extracted using TRIzol (Invitrogen, Carlsbad, CA) methods as described previously (Yang et al. 2012 ).
Gene and miRNA profiling
Purified total RNA from HepaRG cells treated by 0, 5, or 10 mM APAP was divided into two portions. One portion was used for high-throughput RNA sequencing on Illumina HiSeq 1500 systems, according to the manufacturer's protocol. Raw paired-end sequencing data were mapped to Hg19 reference genome (UCSC) to produce normalized expression data for all transcripts, using TopHat and Cufflinks packages serially (Trapnell et al. 2012) . The other portion was used to perform high-throughput miRNA sequencing on Illumina HiSeq 2500. Raw single-end miRNA sequencing data were also mapped to Hg19 reference genome (UCSC) to generate normalized miRNA reads, using mirDeep2 package (Friedlander et al. 2008) . The threshold of twofold and tenfold changes (both pFDR < 0.05) was set to generate moderate and severe gene profiles deregulated by 10 mM APAP treatment, respectively. The threshold of twofold change (pFDR < 0.05) was used to obtain miRNA profile induced or repressed by 10 mM APAP treatment.
In silico analyses
The potential miRNA target genes were identified based on the integrated gene and miRNA expression profile, using miRTar.human database (http://mirtar.mbc.nctu.edu.tw/ human/). RNAhybrid algorithm (http://bibiserv2.cebitec. uni-bielefeld.de/rnahybrid) was used to predict the free energy of potential miRNA:mRNA duplexes. Gene ontology and network analyses were carried out by the Ingenuity Pathway Analysis (IPA) software.
Luciferase reporter gene assays
The pGL3-CU vector that expresses Firefly luciferase and described in our previous reports (Yu et al. 2015a, c) was used to create reporter gene plasmids. Firstly, the core 3′-UTRs of CYP3A4, HNF1A, HNF4A and NR1I2 genes that contain the targeting elements for cognate miRNAs were produced by PCR amplification (all primers or oligonucleotides used in this study were purchased from Integrated DNA Technologies (Coraville, IA), and listed in Supplementary  Table 7) , and subcloned into the linearized nicked pGL3-CU vector to create CYP3A4-CU, HNF1A-CU, HNF4A-CU, and NR1I2-CU constructs, respectively. Site-directed mutagenesis was carried out in the miRNA response elements of the constructs above to generate the corresponding mutant constructs CYP3A4-Mut, HNF1A-Mut, HNF4A-Mut1, HNF4A-Mut2, HNF4A-D-Mut and NR1I2-Mut. All constructs used in this study were sequenced to confirm their authenticity.
HepG2 and HEK 293T cells were seeded into 96-multiwell plates, cultured to 80% confluence, and then transfected with constructed plasmids (100 ng/well), together with miRNA mimic or miRNA negative control (all final concentration: 40 nmol/L), using the Lipofectamine reagent (Life Technologies) per the manufacturer's instructions. The pRL-SV40 plasmid (Promega, Madison, WI; 1 ng/well) that highly expresses Renilla luciferase was co-transfected, and used to normalize the transfection efficiencies. Dual-Luciferase Reporter 1000 Assay System (Promega) was used to measure the Firefly and Renilla luciferase activities. Three independent experiments were carried out in triplicate.
RNA electrophoretic mobility shift assays (RNA EMSAs)
The hsa-miR-224-5p, hsa-miR-320a, hsa-miR-449a, and hsa-miR-877-5p oligonucleotides were 5′-modified using IRDye ® 800 dye, while the cognate mRNA oligonucleotides, i.e. the miRNA response elements in CYP3A4, HNF1A, HNF4A and NR1I2 transcripts, were 2′-O-methyl-modified and 5′-labeled with cy5.5™ dye. Cold miRNA i.e. unlabeled negative control and miRNA oligonucleotides, were used in the competition assays. Cytoplasmic extracts from HepaRG cells were produced using NE-PER Nuclear and Cytoplasmic extraction reagents (ThermoFisher Scientific, Tewksbury, MA) per the manufacturer's instructions.
The LightShift Chemiluminescent RNA EMSA Kit (ThermoFisher Scientific) was utilized in RNA EMSAs, and the modified protocol was described in our former reports (Yu et al. 2015b, c) . Briefly, 200 fmols miRNA and cognate mRNA oligonucleotides were added to basic reaction buffer (1× REMSA binding buffer, 5% glycerol, 200 mM KCl, 100 mM MgCl 2 ) to create miRNA:mRNA complexes, while HepaRG cytoplasmic extracts (2 μg) and non-specific tRNA (1 μg) were subsequently added to form the RNA:protein complexes. Cold oligonucleotides were utilized in competition assays, at 50-fold molar excesses. Antibodies against Ago1, Ago2, Ago3, and Ago4 were purchased from Abcam (Cambridge, MA) and used in supershift assays. All reaction mixtures were adjusted to 20 μL, cultured at room temperature for 20 min, separated by 12% native polyacrylamide gel electrophoresis (PAGE) at 4 °C, and then viewed by Odyssey CLx Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).
miRNA pull-down assays
The miRNA pull-down procedure was modified from the protocol developed by Subramanian et al. (2015) . Briefly, 3′-biotin-tagged mismatched miRNA duplexes for hsa-miR-224-5p, hsa-miR-320a, hsa-miR-449a, hsa-miR-877-5p, and miRNA negative control were synthesized by IDT, and 5′ phosphatized by T4 polynucleotides (New England Biolabs, Ipswich, MA) per the manufacturer's instructions. HepaRG cells were transiently transfected with the miRNA duplexes (final concentration: 20 nmol/L), cultured for 18 h, and then lysed using the lysis buffer containing 3% IGEPAL ® CA-630 (Sigma-Aldrich) to produce cytoplasmic extracts. The biotin-miRNA-mRNA complex in cytoplasmic extracts was enriched by the Dynabeads MyOne Streptavidin C1 bead (Life technologies), and purified by the miRNeasy Mini Kit.
Real-time PCR validation
QuantiTect Reverse Transcription Kits (Qiagen) and NCode™ microRNA First-Strand cDNA Synthesis Kits (Life Technologies) were used to produce the first-strand cDNA from extracted total RNA and miRNA samples, respectively. Real-time quantitative reverse transcription-PCR (qRT-PCR) was performed using the QuantiFast SYBR ® Green RT-PCR Kit (Qiagen) with the ABI Prism7900 Sequence Detection System (Applied Biosystems, Foster City, CA).
The comparative Ct method was used to calculate the relative expression of RNAs. The relative mRNA levels for candidate genes were normalized to GAPDH levels, while cellular miRNA levels were normalized to U6 levels. The miRNA levels in serum samples were calculated by comparing to Let-7d levels, as described in our former reports (Yang et al. 2015) . The miRNA levels from cell culture medium for HepaRG cells after APAP treatment were adjusted by Spikein control cel-miR-39, and compared to miRNA levels in the corresponding control samples.
Western blotting
Antibodies against the DMEs and NRs were purchased from Abcam. Total proteins were isolated from HepaRG cells using detergent lysis buffer (RIPA, ThermoFisher Scientific). Quantitative analyses for western blotting were performed using the Odyssey CLx Infrared Imaging System.
ALT assays
As described by Miyakawa et al. (2015) , the cell culture medium was collected and the remaining cells were lysed with an equal volume medium containing 1% Triton X-100. To eliminate unbroken cells or cell debris, the medium and cell lysate were centrifuged at 700g for 5 min. The ALT activity was detected by Liquid ALT Reagent (Pointe Scientific, Caton, MI) according to the manufacture's protocol. Relative ALT in the medium was calculated through a percentage of total ALT activity (medium plus cells lysate). Assays were performed in triplicate.
Lactate dehydrogenase (LDH) assays
Cellular necrosis in HepaRG cells was assessed by measurement of lactate dehydrogenase (LDH) release into media using an ACE Alera Serum Chemistry Analyzer (Alfa Wassermann, Green Brook, NJ) following the manufacturer's instructions. All experiments were performed in triplicates.
Statistical analyses
Student's t test was used to detect the differences between subgroups in luciferase activity, while one-way ANOVA on ranks test was used to detect the differences between subgroups for protein or RNA levels. P < 0.05 was considered statistically significant.
Accession codes
RNA-seq and miRNA-seq data have been deposited at the NCBI SRA (http://www.ncbi.nlm.nih.gov/sra), with the accession number SRP094716.
Results
Differentially expressed mRNAs and miRNAs in HepaRG cells exposed to APAP
Previous research (McGill et al. 2011) and our preliminary data supported the selection of 5 and 10 mM concentrations for examining APAP toxicity in HepaRG cells (Supplementary Fig. 1 ). Under our experimental conditions, 1 3 2758 differentially expressed genes were observed in HepaRG cells exposed to 10 mM APAP compared with those in cells exposed to vehicle control, using twofold change (pFDR < 0.05) as the threshold (Supplementary Table 1 ). Gene expression analyses using un-biased gene ontology and network analyses showed that 1194 genes (43.3%, involved in hepatic fibrosis, cell apoptosis, cell migration, inflammation response) were up-regulated, while 1564 genes were down-regulated (56.7%, involved in FXR/RXR activation, LXR/RXR activation, acute phase response) (Supplementary Fig. 2; Fig. 1a, left panel) . Furthermore, 339 genes (286 down-regulated and 53 up-regulated, Supplementary Table 2) had a fold change greater than tenfold, and consisted of genes involved in signal transduction, gene expression regulation, and xenobiotic metabolism ( Fig. 1b ; Supplementary Table 3 ). In addition, 47 miRNAs had a fold change greater than 2 (pFDR < 0.05; 19 down-regulated and 28 up-regulated) in the treated cells (APAP 10 mM treatment), compared to the untreated cells ( Fig. 1c ; Supplementary Table 4 ). When the HepaRG cells were treated with APAP (5 mM), 1311 or 22 deregulated genes were identified using twofold or tenfold change as the threshold, respectively (Supplementary Table 1 and 2); while only 17 miRNAs were deregulated with a fold change greater than twofold (Supplementary Table 5 ). We then selected the gene and miRNA profiles obtained by 10 mM APAP for further analysis, due to its more significant effects on gene expression or miRNA production compared to those obtained by treatment with 5 mM APAP.
In silico analysis was subsequently used to further examine the relationship of miRNAs to gene dysregulation. miRNAs were selected for in silico analysis according to two criteria: (1) miRNAs that down-regulate the cognate genes in a opposite direction, and (2) (Yu et al. 2015a, c) ). As shown in Table 1 , 29 miRNAs were predicted to target 97 genes, and detailed prediction results are summarized in Supplementary Table 5. In addition, HNF1A, HNF4A and NR1I2 (also known as PXR), three key nuclear receptors responsible for the regulation of DMEs were down-regulated (93, 98 and 97%, respectively). Ingenuity Pathway Analysis showed that HNF1A, HNF4A and NR1I2 may play important roles in the expression of 121 deregulated genes, including 27 genes predicted to be regulated by the candidate miRNAs ( Fig. 1d and Supplementary Table 6 ).
Candidate miRNAs targeting DMEs and NRs involved in APAP metabolism
Previous studies suggested that DMEs were the most important proteins accounting for the inter-individual variability of APAP-induced hepatotoxicity and the development of adaptive tolerance (Adjei et al. 2008; Court et al. 2001; Jetten et al. 2016; McKillop et al. 1999; Strubelt et al. 1979) . Since un-biased gene expression analyses revealed that genes encoding DMEs and NRs were highly dysregulated after APAP treatment, detailed expression profiles of key DMEs involved in the APAP metabolism were examined. Expression data for genes encoding metabolic activation (CYP2E1, CYP3A4, and CYP2A6), glutathione conjugation (GSTM1, and GSTT1), glucuronidation (UGT1A1, UGT1A6, UGT1A9 and UGT2B15), and sulfation (SULT1A1, SULT1A4 and SULT2A1) were extracted and reanalyzed. As shown in Fig. 1b , the expression of genes encoding DMEs was decreased significantly (> 10 fold change) in HepaRG cells treated with 10 mM APAP, with the exception of GSTT1 and SULT1A4. RNA-seq data were subsequently confirmed by qRT-PCR and/or western blot assays using HepaRG samples obtained at multiple time points after APAP exposure. As shown in Fig. 2b , c, time-dependent reduction of gene expression was observed.
In silico analyses showed that that CYP3A4 was a targeted gene of hsa-miR-224-5p, HNF4A and NR1I2, while CYP2E1, SULT1A1, SULT2A1, UGT1A1 and UGT2B15 were regulated by only NRs. Neither NRs nor miRNAs were predicted to regulate CYP2A6 or GSTM1 genes. Of interest, HNF1A, HNF4A and NR1I2 were identified to be modulated by hsa-miR-320 family, hsa-miR-449a and hsa-miR-877-5p, respectively.
CYP3A4, HNF1A, HNF4A and NR1I2 are targets of miRNAs
Biochemical experiments were conducted to validate the regulatory roles of miRNAs in the expression of CYP3A4, HNF1A, HNF4A and NR1I2. First, reporter gene constructs containing the core 3′-UTRs of CYP3A4, HNF1A, HNF4A and NR1I2, or the corresponding mutated constructs as negative controls were transfected into HepG2 and HEK 293T cells, together with the cognate miRNA mimics or miRNA negative control. As shown in the Supplementary Fig. 3 , transfections of hsa-miR-224-5p, hsamiR-320a, hsa-miR-449a, or hsa-miR-877-5p efficiently suppressed luciferase activities, reflecting the expression of wild-type 3′-UTRs of CYP3A4, HNF1A, HNF4A or NR1I2 (all P < 0.05), but not the activities corresponding to the expression of mutated 3′UTRs for these genes. Fig. 2 The "shut-down" of APAP-metabolism system in HepaRG cells under APAP exposure. a RNA-seq data for genes encoding metabolic activation (CYP2E1, CYP3A4, and CYP2A6), glutathione conjugation (GSTM1, and GSTT1), glucuronidation (UGT1A1, UGT1A6, UGT1A9 and UGT2B15), and sulfation (SULT1A1, SULT1A4 and SULT2A1) were extracted and reanalyzed. The "shut-down" of APAP-metabolism system were also identified using qRT-PCR (b) and western blot (c) in HepaRG samples obtained at multiple time points after APAP exposure RNA electrophoretic mobility shift assays (RNA EMSA) and miRNA pull-down assays were conducted to test the direct interactions between miRNAs and cognate response elements in the CYP3A4, HNF1A, HNF4A and NR1I2 genes in vitro and in vivo. As shown in Fig. 3a (lane 3) , hsa-miR-224-5p, hsa-miR-320a, hsa-miR-449a, and hsa-miR-877-5p each formed distinct complexes with the response elements in 3′UTRs of CYP3A4, HNF1A, HNF4A and NR1I2 mRNA transcripts. Cytoplasmic extracts from HepaRG cells were able to bind to the miRNA:mRNA complexes created by the hsa-miR-224-5p, hsa-miR-320a, hsa-miR-449a, or hsa-miR-877-5p oligonucleotides and their cognate mRNA oligonucleotides, to form electrophoretically stable protein-RNA complexes (Fig. 3a, lane 6) . In competition assays, excess unlabeled miRNA oligonucleotides attenuated or eliminated both miRNA:mRNA complexes and protein-RNA complexes (Fig. 3a, lanes 5 and 8, respectively) , while excess unlabeled nonspecific oligonucleotides failed to show any inhibitory effects (Fig. 3a, lane 4 and 7) , suggesting sequence-specific interactions between these miRNAs and their cognate mRNA targets. Moreover, an antibody against Ago4 formed a new supershift band when co-incubated with protein-RNA complexes containing hsa-miR-224-5p, hsa-miR-320a, and hsa-miR-449a oligonucleotides, respectively (Fig. 3a, lane 12) . Similarly, an antibody against Ago2 showed the ability to interact with protein-RNA complexes containing hsa-miR-224-5p and hsa-miR-449a oligonucleotides (Fig. 3a, lane 9) .
A modified miRNA pull-down method was used to capture the miRNA:mRNA complex in vivo. As shown in Fig. 3b , after transfections of the 3′-biotinylated oligonucleotides of hsa-miR-224-5p, hsa-miR-320a, hsa-miR449a, or hsa-miR-877-5p, the miRNA:mRNA complexes formed with their cognate CYP3A4, HNF1A, HNF4A or NR1I2 mRNA were significantly pulled down by streptavidin-coated beads (6.9-fold enriched for CYP3A4, 18.6-fold enriched for HNF1A, 7.9-fold enriched for HNF4A, and 21.8-fold enriched for NR1I2; all P < 0.001), compared with transfection of miRNA negative controls. Non-target control SDHA mRNAs were pulled down by the streptavidin beads, indicating the specificity of the interaction between miRNA and the target genes.
We further transfected hsa-miR-224-5p, hsa-miR-320a, hsa-miR-449a, or hsa-miR-877-5p mimics into HepaRG cells to test the inhibitory efficacy of miRNAs against the endogenous production of CYP3A4, HNF1A, HNF4A and NR1I2. As shown in Fig. 4a , hsa-miR-224-5p, hsa-miR-320a, hsamiR-449a, or hsa-miR-877-5p mimics significantly reduced endogenous mRNA and protein levels of CYP3A4, HNF1A, HNF4A and NR1I2 (45 and 51% for CYP3A4, 28 and 56% for HNF1A, 40 and 66% for HNF4A, and 46 and 25% for NR1I2, all P < 0.05). In addition, the transfection of the specific inhibitors against hsa-miR-224-4p or hsa-miR-449a effectively rescued the suppression of mRNA expression and protein production of CYP3A4 or HNF4A by endogenous miRNAs (1.83-fold expression and 1.43-fold production for CYP3A4, and 1.40-fold expression and 1.53-fold production for HNF4A, all P < 0.05). A marginal rescue effect was observed with the transfection of hsa-miR-320a or hsa-miR-877-5p inhibitors, probably due to competition among hsamiR-320 family members, the low expression of endogenous hsa-miR-877-5p, or other unknown epigenetic mechanisms. In summary, these data support the postulation that miRNAs target CYP3A4, HNF1A, HNF4A and NR1I2.
miRNAs indirectly reduced the expression of DMEs by targeting NRs
Considering the key regulatory roles of HNF1A, HNF4A and NR1I2 in the expression of DMEs, we hypothesized that hsa-miR-320a, hsa-miR-449a and hsa-miR-877-5p suppressed the production of DMEs through their inhibitory effects on the expression of NRs. Specific siRNAs of HNF1A, HNF4A and NR1I2 were transfected into HepaRG cells (positive control), resulting in efficiently decreased expression of their target genes ( Supplementary Fig. 4 ). As shown in Fig. 4b , the mRNA and protein levels of CYP2E1 and HNF4A, genes regulated by HNF1A, were significantly decreased by HNF1A-specific siRNA and hsa-miR-320a (34 and 26% for mRNA levels, 54 and 45% for protein levels, in the regulation of CYP2E1; 38 and 30% for mRNA levels, 60 and 41% for protein levels, in the regulation of HNF4A; all P < 0.05). Similarly, HNF4A-specific siRNA and hsamiR-449a indirectly decreased mRNA and protein levels of CYP3A4 and HNF1A (44 and 30% for mRNA levels, 90 and 82% for protein levels in the regulation of CYP3A4; 38 and 38% for mRNA levels, 50 and 48% for protein levels in the regulation of HFN1A; all P < 0.05), while NR1I2-specific siRNA and hsa-miR-877-5p inhibited mRNA expression and protein production of CYP2E1 and SULT2A1 (36 and 35% for mRNA levels, 28 and 30% for protein levels in the regulation of CYP2E1; 28 and 30% for mRNA levels, 39 and 21% for protein levels in the regulation of HFN1A; all P < 0.05). Taken together, the data illustrate that the miRNAs modulated the production of DMEs directly and/ or indirectly. miRNAs hsa-miR-320a and hsa-miR-877-5p are elevated in the serum of APAP-overdose patients
In initial studies, we measured the levels of hsa-miR-224-5p, hsa-miR-320a, hsa-miR-449a, and hsa-miR-877-5p, together with the levels of hsa-miR-122-5p and hsa-miR-194-5p (two well-known biomarkers for APAP-induced toxicity) in HepaRG cells and medium samples harvested at multiple time points after 10 mM APAP exposure. As shown in Fig. 5a, Fig. 3 miRNAs interacted with the cognate target mRNAs in vitro and in vivo. a RNA EMSAs using 5′-dyed miRNA or mRNA oligonucleotide, cytoplasmic extracts, and antibodies against Ago1-4. Asterisk represents specific gene or miRNA labeled at the left of each panel; arrow represents the miRNA/ mRNA complex; hollow triangle represents miRNA/mRNA/ protein complex; solid triangle represents supershift complex. b The mRNAs of CYP3A4, HNF1A, HNF4A or NR1I2 was enriched by streptavidin pulldown for biotinylated hsa-miR-224-5p, hsa-miR-320a, hsamiR-449a, or hsa-miR-877-5p, respectively. **P < 0.001 cellular and extracellular levels of hsa-miR-224-5p, hsamiR-320a, hsa-miR-449a, and hsa-miR-877-5p significantly increased in response to 10 mM APAP exposure. In contrast, hsa-miR-122-5p and hsa-miR-194-5p levels were reduced in cells but increased in media (Fig. 5a) .
We subsequently quantified serum levels of hsa-miR-224-5p, hsa-miR-320a, hsa-miR-449a, and hsa-miR-877-5p in human subject samples from controls (no APAP exposure), therapeutic ("low dose" exposure), and APAP overdose. Compared to the control or APAP therapeutic groups (0 [0-1010.10] or 301.25 [0-521.97] ; median [range]), serum hsa-miR-320a levels were significantly increased in APAP overdose subjects (9595.75 [0-2330.44] , P < 0.05). In addition, levels of hsa-miR-877-5p were also higher in the APAP overdose group than therapeutic groups (45.31 [0-271.15 ] versus 0 [0-0]), P < 0.05) (Fig. 5b) . No expression of hsa-miR-224-5p or hsa-miR-449a was observed in any groups. . The siRNAs specific for HNF1A, HNF4A and NR1I2, or mimics and inhibitors of hsa-miR-224-5p, hsa-miR-320a, hsa-miR-449a, or hsa-miR-877-5p were transfected into the differentiated HepaRG cells, respectively. Each assay was carried out in triplicate. Data are shown as relative mRNA and protein levels normalized by GAPDH levels. *P < 0.05; **P < 0.001; NC miRNA negative control Fig. 5 miRNAs served as serum biomarkers to predict APAPinduced hepatotoxicity. a Time-dependent deregulation of miRNAs in HepaRG cells or medium, respectively. b Increased serum miRNA levels of hsa-miR-320a, or hsa-miR-877-5p in APAP overdose group, compared to the control and/or therapeutic dose group. *P < 0.05; **P < 0.001. c Exogenous transfection of hsa-miR-320a, hsa-miR449a, and hsa-miR-877-5p reduced ALT levels induced by APAP Exogenous transfection of hsa-miR-320a, hsa-miR-449a, or hsa-miR-877-5p rescued hepatic cells from APAP-induced hepatotoxicity Finally, we transfected hsa-miR-224-5p, hsa-miR-320a, hsa-miR-449a, and hsa-miR-877-5p mimics into HepaRG cells, and treated the cells with 10 mM APAP. Exogenous transfection of hsa-miR-320a, hsa-miR-449a, or hsa-miR-877-5p effectively rescued the cells from APAP-induced hepatotoxicity, as indicated by significantly decreased ALT levels (Fig. 5c) .
Discussion
Through the integration of high-throughput mRNA and miRNA sequencing data, we found that hsa-miR-224-5p, hsa-miR-320a, hsa-miR-449a, and hsa-miR-877-5p were able to suppress the production of key DMEs involved in APAP metabolism, either directly or indirectly. We also observed elevations of these miRNAs in serum samples from APAP overdose patients. Further, we demonstrated that introduction of exogenous hsa-miR-320a, hsa-miR-449a, or hsa-miR-877-5p rescued hepatic cells from APAP-induced hepatotoxicity. Compared to previous studies reporting the gene or miRNA expression profiles associated with APAPinduced hepatotoxicity (Jetten et al. 2015; Morishita et al. 2006; Wang et al. 2009 ), the present study comprehensively and systematically examined the whole-genome expression of miRNAs and protein-coding genes affected by APAPinduced hepatotoxicity, validated the regulatory network between genes and miRNAs, and thus is relevant to understanding the role of miRNAs in regulating CYP450 expression in development of adaptive tolerance in APAP-induced hepatotoxicity.
Studies have suggested that repeated exposures to APAP in animal models or human subjects resulted in an adaptive tolerance effect against APAP-induced hepatotoxicity (adaptation) (Eakins et al. 2015; O'Brien et al. 2000; Shayiq et al. 1999) ; however, the mechanisms by which "adaptation" develops are unclear. Eakins et al. observed that specific enzymes involved in APAP metabolism, such as CYP2E1, UGT1A1 and SULT2A1, were significantly depleted in the adaptation to APAP, and speculated that the "shut-down" of APAP-metabolism system should represent a key facet of adaptation (Eakins et al. 2015) . Thorgeirsson et al. reported that APAP treatment decreased the production of P450s during initial exposure to APAP (Thorgeirsson et al. 1976) , similar results were reported in the mouse model and in studies using human liver microsomes (Snawder et al. 1994; Zhang et al. 2004) . In contrast, sub-cytotoxic of APAP increased the expression of CYP2E1, CYP3A4 and other P450s (Kim et al. 2007) , via unclear mechanisms.
In this study we observed this "shut-down" phenomenon; with the most striking changes in gene expression being those associated with metabolism. To validate the effects of APAP on UDP-glucuronosyltransferases and sulfotransferases, we extracted the expression data of the key genes, including genes encoding UDP-glucuronosyltransferases and sulfotransferases, in HepaRG cells from the GSE74000 data set (gene expression data affected by sub-cytotoxic concentration of APAP) (Rodrigues et al. 2016) , and observed similar "shut-down" response (data not shown).
Our study delineated molecular mechanisms for the hypothesis of Eakins et al., and indicated that the miRNAs and NRs contributed to the suppression of APAP-metabolism system. The emergent "shut-down" of P450s system by miRNAs and NRs is biologically reasonable, because it can directly abolish the production of NAPQI to protect cells against APAP-induced hepatotoxicity, while the dramatic reduction of UDP-glucuronosyltransferases and sulfotransferases could be attributed to the "side effect" of the reduction of DMEs, largely due to the uniform modulation of DMEs by miRNAs and NRs.
Our results showed that hsa-miR-224-5p targeted CYP3A4, while hsa-miR-320a, hsa-miR-449a, and hsa-miR-877-5p indirectly modulated the expression of downstream P450s, glucuronosyltransferases and sulfotransferases by targeting HNF1A, HNF4A and NR1I2. Though previous studies reported that several miRNAs are involved in the expression of DMEs and NRs, such as miR-27b for CYP3A4 (Pan et al. 2009 ), miR-378 for CYP2E1 (Mohri et al. 2010) , miR-24 and miR-34a for HNF4A (Wang and Burke 2013) , and miR148a for NR1I2 (Smutny et al. 2013) , no deregulation of these miRNAs was observed in HepaRG cells exposed to APAP under our experimental conditions. Despite differences in cell types, algorithms for miRNA-targeting prediction, and experimental strategies, these results indicated the complexity of regulatory networks between miRNAs and their cognate targets by which miRNAs play different roles in versatile cellular processes including drug responses.
Levels of hsa-miR-320a and hsa-miR-877-5p were significantly elevated in the serum samples of APAP overdosed patients, compared to serum samples from "low dose" exposures to APAP and controls. In addition, the exogenous transfection of hsa-miR-320a, hsa-miR-449a, and hsa-miR-877-5p effectively rescued HepaRG cells from APAP-induced toxicity. Previous studies (Vliegenthart et al. 2015; Wang et al. 2009; Ward et al. 2014; Yang et al. 2015) showed that multiple miRNAs, including miR-122, let-7d, and miR-29a, were increased in the serum of humans or mice overdosed with APAP, and speculated that these miRNAs were transported into serum by some specific mechanism (Wang et al. 2009 ). We found that hsa-miR-122-5p and hsa-miR-194-5p were down-regulated in HepaRG cells exposed to 10 mM APAP, and yet were increased in cell medium and patients' serum samples, which supports the speculation by Wang et al. that miR-122 might be eliminated from cells via exportation, thus interfering with its suppressive role in hepatotoxicity. Collectively, these data suggest that extracellular elevations hsa-miR-320a and hsamiR-877-5p in cell media or serum samples represent a cellular response to APAP injury and that miRNAs are released from cells during necrosis or leakage of cellular contents. Exogenous transfection of hsa-miR-320a, hsa-miR-449a or hsa-miR-877-5p was able to rescue HepaRG cells from APAP-induced hepatotoxicity, further indicating the protective role of these miRNAs.
In conclusion, by RNA and miRNA sequencing and functional characterization, we identified multiple miRNAs that regulate DMEs involved in APAP metabolism, either directly or indirectly, through the modulation of HNF1A, HNF4A or NR1I2. More importantly, our findings suggest that hsa-miR-224-5p, hsa-miR-320a, hsa-miR-449a, and hsa-miR-877-5p play a self-protective or adaptive role in APAP-induced liver injury.
